We report on the fabrication and characteristics of an individually addressable gallium nitride (GaN) microdisk lightemitting diode (LED) array in free-standing and ultrathin form. A high-quality GaN microdisk array with n-GaN, InGaN/ GaN quantum wells and p-GaN layers was epitaxially grown on graphene microdots patterned on SiO 2 /Si substrates. Due to the weak attachment of the graphene microdots to the growth substrate, a microdisk array coated with a polyimide layer was easily separated from the substrate using mechanical or chemical methods to form an ultrathin free-standing film. Individually addressable microdisk LEDs were created by forming thin metal contacts on the p-GaN and n-GaN surfaces in a crossbar configuration. Each microdisk LED that comprised an ultrahigh resolution array of 2500 pixels per inch was found to be uniquely addressable. The devices in free-standing form exhibited stable electrical and optoelectronic characteristics under extreme bending conditions and continuous operation mode despite the absence of a heat dissipating substrate. These results present promising approaches for the fabrication of high-quality inorganic semiconductor devices for ultrahigh resolution and high-performance flexible applications.
Introduction
Inorganic microlight-emitting diode (micro-LED) arrays are emerging as one of the most promising light emitters for next-generation display technologies and ultrahigh resolution optogenetic light source arrays [1] [2] [3] [4] [5] . An inorganic micro-LED can exhibit all of the important characteristics of an organic LED, including fast response time and a high contrast ratio, but with significantly improved resolution, brightness, efficiency, and lifetime due to its increased carrier mobilities, radiative recombination rates, and long-term stability [6] [7] [8] [9] [10] . In free-standing and ultrathin form, the applicability of micro-LEDs can be further expanded to include various wearable, medical, and implantable devices 5, [11] [12] [13] [14] , which require conformal contact on human skin or organs with minimal discomfort and stress. By creating an array of free-standing inorganic microstructure devices that are orders of magnitude smaller than the bending radius, mechanical flexibility can be accommodated 15, 16 . However, the inherent rigidity of inorganic materials and difficulty separating inorganic thin films from their single crystal growth substrates represent substantial challenges to the fabrication of freestanding and ultrathin inorganic LEDs. Herein, we report on the fabrication and electroluminescence (EL) characteristics of a flexible and individually addressable gallium nitride (GaN) microdisk LED array in free-standing and ultrathin form, enabled by position-controlled graphene microdots that act as microdisk growth and release sites.
Substantial effort has been made to produce flexible inorganic LED arrays due to the many advantages mentioned above. One of the most successful demonstrations of flexible inorganic LED arrays is the laser liftoff of inorganic thin film LEDs grown on sapphire substrates and assembled on flexible substrates 17, 18 . This approach provides direct integration of highly optimized thin film LEDs onto a flexible platform. Moreover, the nanostructured LED-based approach of fabricating flexible inorganic LED arrays has also been extensively studied due to the recent high interest in micro-LED arrays that require orders of magnitude smaller LEDs compared to conventional thin film LEDs. Nanowires could be easily lifted off from the substrates due to their nanoscale contact area with the substrate, and discrete nanostructure LEDs embedded in flexible polymer layers showed reliable operation under flexible conditions 19 . More recently, semiconductor nanostructure growth on graphene films and their application to flexible LEDs were demonstrated as a method to prepare large area, transferrable LEDs without the need for single crystal substrates 20, 21 . However, a crucial step toward the realization of highresolution flexible micro-LED arrays is the demonstration of individual operation of a single nanostructure LED in a flexible array. In this work, we demonstrate an individually addressable GaN microdisk LED in a freestanding and ultrathin flexible array. This free-standing and ultrathin light source with a high spatial resolution could potentially be used for many biomedical applications.
Materials and methods

Growth of GaN microdisk arrays on graphene dots
For the epitaxial lateral overgrowth of the GaN microdisks, continuous graphene films were patterned into microdot arrays by photolithography and O 2 plasma dry etching. Initially, c-axis aligned zinc oxide (ZnO) nanowalls were grown on the graphene microdots using metal organic vapor phase epitaxy (MOVPE). GaN microdisks were then formed using epitaxial lateral overgrowth on the ZnO-covered graphene dots using a pulsed-mode MOVPE technique. Additional layers of Mg-doped pGaN, u-In x Ga 1−x N/u-GaN multiple quantum wells (MQWs), and Si-doped n-GaN layers were subsequently grown on the microdisks.
Preparation of ultrathin and flexible free-standing GaN microdisk LED structure Large-area grown GaN microdisk arrays on graphene microdots were used as a starting material for the fabrication of free-standing, ultrathin LED arrays. The first step was to transfer parts of the GaN microdisk arrays from the original substrate to a foreign substrate. To transfer the GaN microdisks while preserving the order and regularity of the array, a polyimide (PI) layer was spin coated onto the GaN microdisk array. The GaN microdisk array was then lifted off by mechanical peel off or by wet chemical etching of the underlying sacrificial layer using a buffered oxide etchant (BOE). Then, under an optical microscope, the GaN microdisk array in PI was divided into smaller pieces. After transferring a small piece of the GaN microdisk array onto a foreign SiO 2 /Si substrate, a 2nd PI layer was spin coated onto the substrate. Then, the SiO 2 layer was removed by a BOE, completing the formation of an ultrathin and free-standing layer composed of a GaN microdisk array embedded in PI.
Before metallization, the surfaces of p-GaN and graphene microdots were exposed by selectively etching the PI layers covering the top and bottom surfaces of the GaN microdisks. Polymethyle methacrylate (PMMA) layers were first coated on the ultrathin PI layer covering the microdisk array, and a 3-μm-diameter hole was patterned at the position of each GaN microdisk. Then, an oxygen plasma treatment was used to selectively etch the PI layer through the patterned PMMA mask. The selective etching of the PI layer was performed on both the top and bottom surfaces of the GaN microdisk LED array, thereby exposing the surface of the p-GaN and graphene microdots.
Fabrication of individually addressable GaN microdisk LED arrays with SWCNT-embedded microelectrodes
Single-walled carbon nanotube (SWCNT)/Ni/Au and SWCNT/Ti/Au multiple electrode lines were formed on the top and bottom surfaces of the GaN microdisk arrays in a crossbar configuration. The SWCNT-embedded metal electrodes were formed by dispersing SWCNTs onto the ultrathin layer first and depositing the microelectrodes afterwards. Then, the SWCNTs that were not covered by the metal electrodes were etched. After metallization, the LEDs were postannealed in N 2 for 5 min at 300°C.
LED characterization
An optical microscope (Carl Zeiss Co. Axioskop 2 MAT) was used for imaging the probing and EL emission collection. An electrical source meter (Keithley 2400) was used to measure current-voltage (I-V) curves and to apply voltages or currents to the LEDs. The EL spectra were measured using a monochromator (Dongwoo Optron Co. DM150i) and a detection system equipped with a charge-coupled device (Andor Inc. DU401A). The resolution of the EL spectrum was 1 nm, and the typical scan range was between 300 and 800 nm.
Computational modeling of the current spreading and light output characteristics
The current spreading characteristics of the microdisk LED were modeled using a COMSOL Multiphysics 4.3b semiconductor module. The donor and acceptor concentrations of n-and p-GaN that we used in the calculations were 5.0 × 10 18 
Results and discussion
Preparation of free-standing and ultrathin GaN microdisk arrays
The basic strategy for the fabrication of an ultrathin and free-standing GaN microdisk array embedded in polyimide film (Fig. 1a) is as follows. Each GaN microdisk array element, composed of a u-In x Ga 1−x N/GaN multiple quantum wells in between n-GaN and p-GaN layers, was prepared by epitaxial growth using selective-area MOVPE on a ZnO-coated patterned graphene microdot supported by a SiO 2 /Si substrate 22 . The graphene microdot array was designed with a diameter and period of 3 and 10 μm, respectively. The weak bonding of graphene microdots to SiO 2 /Si allows the microdisks to be easily separated from the substrate by mechanical peel off to form a freestanding film. An alternative liftoff method uses a wetchemical etch approach on the underlying amorphous sacrificial layers. After the growth of GaN microdisk arrays, we used a twofold PI transfer technique to pick up a small subarray of GaN microdisks from a large microdisk array and embed them into an ultrathin polymer layer. This enabled the fabrication of numerous flexible microdisk LED arrays from a single growth of a large-area GaN microdisk array (see Fig. S1 ). The lifted-off layer, with sizes of a few squared centimeters, was then divided into smaller arrays with sizes of 200 µm × 200 µm. Each subarray was transferred onto a foreign carrier substrate. A second PI layer was spin coated on the array and subsequently peeled off from the carrier substrate. As shown in the cross-sectional schematics of the lifted-off layer in Fig. 1b , the thickness of the PI layers near the GaN microdisk arrays were 8 µm, while the PI layers outside the microdisk arrays were 3 µm in thickness. Figure 1c shows the photograph and the corresponding scanning electron microscopy (SEM) image of a typical freestanding, ultrathin layer containing a microdisk array. The structural integrity and order of the microdisk array were remarkably well preserved despite the absence of a solid support. In addition, the SEM image shows that some microdisk LEDs touched or merged with each other after the 1-μm-thick p-GaN coating. However, considering the fact that the n-GaN microdisks were smaller in size and clearly separated, and the p-GaN layers were highly resistive, the touching or merging between p-GaN layers did not affect the individual operation of the LEDs, which is demonstrated later in the paper.
Device fabrication of the individually addressable GaN microdisk LED array
To enable each micro-LED to be individually addressable, metal layers were deposited on the top and bottom surfaces of the free-standing microdisk array. Figure 2 shows the schematic and SEM images for each metallization process. The first step was to expose the top p-GaN and bottom n-GaN surfaces of the microdisks by removing the polyimide layer with electron beam lithography and oxygen plasma etching (Fig. 2a) . Circular microdots displaying the exposed p-and n-GaN surfaces on the top and bottom of the microdisks are clearly shown in the SEM images. Second, SWCNTs were deposited on the top and bottom surfaces of the polyimide, including the exposed regions, to act as flexible and stretchable backbones to the electrode (Fig. 2b) . Thereafter, thin Ni/Au (10/100 nm) and Ti/Au (10/100 nm) metal strips were deposited in a crossbar configuration to one another on the top p-GaN and bottom n-GaN surfaces, respectively. Finally, the SWCNTs that were not covered by the metal strips were removed by O 2 reactive ion etching, completing the formation of individually addressable microdisk LEDs in free-standing form.
The electrode alignment and integrity of crystalline interfaces within the microdisk LEDs were confirmed using SEM and scanning transmission electron microscopy (STEM). Figure 2b shows that each metal strip, whether on the top or bottom, continuously covered only a single row or column of microdisks, indicating that each microdisk can be uniquely addressed. High-angle annular dark-field STEM images of a cross-sectioned microdisk LED, displayed in Fig. 2c , further confirms the formation of conformal and high-quality interfaces between the Fig. 1 Free-standing and ultrathin layer composed of a GaN microdisk LED structure array. a Schematic illustration of the freestanding GaN microdisk LED structures embedded in ultrathin polymer film and b their cross section. c Photograph and SEM image of the flexible GaN microdisk array in free-standing form metal electrodes and GaN. The yellow and blue regions denote the Au and GaN regions, respectively. Both top and bottom electrodes shared direct contact with the top and bottom GaN surfaces. High-magnification images of the p-n homojunction further reveal the presence of three bright lines with a uniform thickness of 7.0 ± 0.5 nm corresponding to In x Ga 1−x N quantum well layers. Atomic resolution images of the quantum well indeed show that the interfaces were uniform and clean. Furthermore, no signs of structural defects, such as dislocations or stacking faults, were observed near the vicinity of the MQW interface, highlighting the high-quality crystallinity of the inorganic materials.
Device characteristics of free-standing and ultrathin, individually addressable microdisk LED array Light emission from the individual microdisk LEDs in free-standing and ultrathin form was investigated by characterizing the EL properties. The EL from each microdisk LED was measured by electrically contacting the respective pair of top and bottom electrode pads and applying a forward bias voltage of 15 V. The optical microscope image obtained from a representative microdisk LED demonstrated a bright emission localized at its respective position, as shown in Fig. 3a. Figure 3b demonstrates that the EL emission can be freely translated to a new position by selecting the respective pair of top and bottom electrode pads. As each microdisk LED can be considered a pixel spaced apart by a 10μm pitch, we found the pixel resolution of the array to be as high as 2500 pixels per inch (ppi). This is one to two orders of magnitude higher than the conventional display pixel density of 70-300 ppi, suggesting that microdisk LED arrays hold great promise for ultrahigh resolution applications.
It was expected that the unique LED array structure consisting of discrete microdisk arrays embedded in a flexible polymer layer should allow the device to tolerate extreme bending conditions. Accordingly, the stability of the electrical and EL characteristics under various bending radii was investigated. Figure 3c shows photographs and corresponding current-voltage (I-V) curves from the array subjected to bending radii of 10, 3, and 1 mm. The I-V curves obtained at different bending radii exhibited almost identical behavior (see Fig. 3c ), suggesting that no serious mechanical stress, damage, or fracture occurred at the electrodes or the junctions between the GaN microdisks. The durability of the electrodes under harsh bending conditions can be attributed to the presence of SWCNTs embedded in the metal as they provided mechanical support to the electrodes (see Fig. S2 in Supplement) [23] [24] [25] [26] . The EL spectra and power of an individual microdisk LED were also measured at various bias voltages in the range of 5-19 V. As shown in Fig. 4a , a dominant EL peak started to appear at 456 nm with a full width at half maximum (FWHM) of 80 nm. As the applied bias voltage increased to 19 V, the EL peak blueshifted toward 440 nm with a reduced FWHM of 22 nm. This EL peak is roughly twice as sharp as that of ultrathin blue polymer LEDs exhibiting an FWHM of 50 nm 11 . Such results indicate that the color saturation of the microdisk LED was superior to that of the polymer LED. In addition, we observed a slight variation in the EL colors among the microdisk LEDs in the same array, where the EL peak positions of different LEDs were observed between 440 and 450 nm with average and standard deviation of 453 and 3 nm, respectively. We believe that the variation in EL colors was due to small difference in the sizes of the microdisk LEDs that caused a slight variation in the In x Ga 1-x N/GaN multiple quantum well compositions 27 and that the EL color uniformity could be improved by further optimizing the growth uniformity of the GaN microdisk. Figure 4b shows the integrated EL intensity as a function of bias voltage. The EL intensity increased linearly with increasing current, demonstrating that the light emission resulted from carrier injection through the p-n junction of the microdisk LED. The turn-on voltage of the microdisk LED was observed near 5 V, at which point we started to observe light emission from the LED, and the EL output power per unit area increased up to 0.25 nW/μm 2 . In addition, we observed that the microdisk LEDs were found to operate reliably in free-standing form under continuous mode (see Fig. S3 ).
To further understand the EL properties of the multifaceted microdisk LED, the current spreading characteristics inside the LED were calculated using a finite element method package. A simple cylindrical p-n junction GaN microdisk was used to model the device, and a forward bias of 10 V was applied to the device. Figure 4c shows the cross-sectional view of the device, including the calculated results, where the streamlines represent the current flow, and the intensity of the red color represents the current density. The yellow areas indicate ohmic metal electrodes around the microdisk. The current density was strong near the central z-axis of the device and became weaker for positions radially distant from the axis. In addition, the current flow intersected the horizontal p-n junction more readily than the vertical p-n junction. This indicates that charge recombination and thus light emission mostly occurred from the central region of the horizontal p-n junction.
Aided by the above results, we further characterized the far-field light output pattern generated by a single microdisk LED within an array. Using finite difference time domain simulations, a collection of incoherent dipoles was introduced along the horizontal p-n junction of a single microdisk to model the light emission in the microcavity. Figure 4d describes the normalized far-field light distribution in polar coordinates. Careful inspection of the distribution near the center revealed four bright lobes sharing a square symmetry. Furthermore, the intensity is reduced at the center of the pattern and along the central y-axis (x = 0). This is attributed to the fact that the top metal electrode is aligned along the y-axis, blocking light emission from incoherent dipoles positioned directly underneath it. However, one can see that the bright intensity was confined to a narrow half angle of 20°. Calculations of the integrated far-field intensity show that~15% of the total power was emitted into the 20°c one, indicating that the microdisks emit light the strongest in the forward direction.
Conclusion
We demonstrated the fabrication and characteristics of an individually addressable GaN microdisk LED array in free-standing and ultrathin form. The excellent mechanical flexibility of the device was largely made possible by the ability to grow and transfer inorganic microdisk arrays to flexible substrates using graphene microdots as growth and release sites. Stable electrical and optoelectronic performances were observed under extreme bending conditions, and the device was found to operate reliably in free-standing form without the presence of a heat dissipating substrate. Each microdisk LED constituting an array of ultrahigh resolution of 2500ppi was found to be uniquely addressable. The superior optoelectronic characteristics derived from the high crystallinity of the microdisks and excellent mechanical flexibility enabled by the free-standing and ultrathin form allow the microdisk LED array to be used as a flexible and high-performance device in advanced wearable, medical, and implantable applications.
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